We have established transgenic mice over-expressing the EphB4 receptor tyrosine kinase in the kidney. The EphB4 protein was localised to the developing tubular system of both control and transgenic newborn mice. In transgenic adults, transgene expression persisted in the proximal tubules and the Bowman's capsules, structures, which were not stained in control kidneys. The glomeruli of control animals consisted of regular, round vascular baskets with clearly discernable afferent and efferent arterioles. In contrast, approximately 40% of the transgenic glomeruli had an irregular shrivelled appearance and many exhibited fused, horse shoe-like afferent and efferent arterioles bypassing the glomerulus. These abnormal glomerular structures are very reminiscent of aglomerular vascular shunts, a human degenerative glomerulopathy of unknown aetiology. q
Introduction
The development of the metanephros, the permanent and functional kidney of higher vertebrates, is dependent on consecutive reciprocal epithelial -mesenchymal interactions. Epithelial cells from the urether buds induce the metanephric mesenchyme to develop through epithelialisation into a tubular system forming the precursors of the nephrons. The epithelialising tubular cells induce the ingrowth of endothelial cells into the developing nephrons and glomerulogenesis follows (Saxén, 1987) . Both vasculogenesis and angiogenesis are instrumental in the formation of the capillary network in the glomerulus and a variety of paracrine angiogenic factors produced by tubular cells and podocyte precursors have been implicated in the regulation of vascular growth (Takahashi et al., 2001) . In addition to the paracrine stimulation, direct cell -cell contact and communication has to be postulated to ensure correct assembly of the glomerulus, however, the underlying mechanisms have not yet been identified. Recent observations have implicated members of the Eph-ephrin receptor-ligand families as promising candidates for this function (Daniel et al., 1996; Gale et al., 2001; Shin et al., 2001; Takahashi et al., 2001) .
The Eph family of receptor protein tyrosine kinases (RPTKs), with 14 characterised members to date, represents the largest family of RPTKs (Pasquale, 1997) . The protein ligands of the Eph receptors, the ephrins, are also membrane associated either by a glycosyl-phosphatidylinositol tail (ephrin-A family) or are true transmembrane proteins (ephrin-B family) (Pandey et al., 1995) . The intracellular moiety of the ephrin-B molecules contains five tyrosine residues conserved in location and amino acid context. These tyrosine residues undergo phosphorylation following receptor interaction in vivo and in vitro (Holland et al., 1996; Bruckner et al., 1997) , suggesting that signalling cascades can ensue not only from the receptors but also from the ligands, provoking bi-directional signalling and mutual cell -cell communication.
Eph receptors and their ligands exhibit reciprocal expression patterns during embryonic development reflect-ing their role in development and patterning of a variety of tissues during embryogenesis. Indeed, Eph family members have been shown to be involved in gastrulation, cell migration from the neural crest, segmentation of the early embryo and formation of the somites (Holder and Klein, 1999) . In particular, the Eph-B4 receptor and its ligand ephrin-B2 have been shown to participate in the adhesive response of endothelial cells during embryogenesis. Disruption of either gene causes embryonic lethality by E10.0 and is accompanied by defects in early vascular development and myocardial trabeculation of the heart (Wang et al., 1998; Gerety et al., 1999) .
In contrast to embryonic development, little is known about their functions in post-natal and adult life. Some family members, including EphB4 and ephrin-B2, are known to be expressed in adult organs such as mammary gland, lung, and kidney (Andres et al., 1994) . Recently, ephrin-B2 expression has been demonstrated in arteries of adult tissues, in subsets of micro-vessels at sites of neovascularisation and in smooth muscle cells of arteries but not veins Shin et al., 2001) . Thus, it is conceivable that EphB4 and ephrin-B2 are also instrumental in inductive cell movement, structure formation and homeostasis of adult organs.
The kidney is a good model for studies of morphogenic processes since not only organogenesis but also function is strictly dependent on mutual inductive interaction between epithelial, mesenchymal and endothelial cells (Kuure et al., 2000) . Expression of EphB receptors and ephrin-B ligands has been observed in the developing and adult kidney. EphB1 is expressed in glomerular endothelial cell precursors before and during recruitment to the developing glomeruli (Daniel et al., 1996) . Activation of the EphB4 and ephrin-B2 genes during kidney development has been investigated using EphB4 promoter-lacZ and ephrin-B2 promoter-LacZ transgenic mice. High expression of both genes was found in embryonic kidneys which dropped drastically after birth (Takahashi et al., 2001 ). In the adult kidney, ephrin-B2 expression persisted in the glomeruli, most probably in the glomerular endothelial cells (Takahashi et al., 2001; Gale et al., 2001; Shin et al., 2001) . In contrast, EphB4 expression in the adult kidney was restricted to venous endothelium and single unidentified cells within the glomeruli (Takahashi et al., 2001 ). These observations suggest that EphB4 and ephrin-B2 are involved in the development and maintenance of functional glomerular structures.
We have generated transgenic mice bearing the mouse EphB4 cDNA under the control of the glucocorticoid responsive mouse mammary tumour virus LTR promoter (MMTV-LTR) (Munarini et al., 2002) . This promoter confers predominantly mammary gland specific expression during pregnancy and lactation, however, promoter activation was also observed in the kidney. Here, we describe that the timely and spatially unscheduled expression of the EphB4 receptor is associated with malformations of the glomerular vasculature in the adult kidney.
Results
RT-PCR analysis revealed considerable expression of the MMTV-EphB4 transgene in newborn and adult transgenic animals ( Fig. 1) . In contrast to the mammary gland, where transgene expression is confined to females during pregnancy and lactation (Munarini et al., 2002) , transgene expression in the kidney was observed irrespective of gender and physiological state. The endogenous EphB4 gene was also highly expressed in the kidneys of newborn mice, however, was drastically down-regulated in adult transgenic and control animals ( Fig. 1 ). Immunohistochemistry was used to localise the endogenous and transgenic EphB4 protein during kidney development (Fig. 2) . In control mice, strong expression of the endogenous EphB4 protein was observed in the developing tubular-glomerular system of fetal E18 mice ( Fig. 2A ). This protein expression was down-regulated after birth and in 3-day-old animals was only weakly detected in the immature glomerular structures (Fig. 2C) . In kidneys of adult animals, EphB4 expression was essentially absent and immunoreactivity was observed only in single glomerular cells (Fig. 2E, G) . In the transgenic animals, expression of the EphB4 protein was also observed in the developing tubular-glomerular system of fetal E18 mice comparable to that observed in control animals ( Fig. 2B) , however, persisted at equally high levels in the tubular system of young animals 3 days after birth (Fig. 2D) . In kidneys of adult transgenic mice, EphB4 transgene expression was localised to the epithelial cells of RT-PCR analysis of RNA prepared from kidneys at various developmental and physiological stages using transgene EphB4 specific (transgene) and endogenous EphB4 specific (endogenous) primers (Munarini et al., 2002) . control: control animals, transgenic: transgenic animals. RNA was prepared from kidneys of female mice 3 days after birth (3 day), at puberty (5w), from adult virgins at 12 weeks (virg), at days 13, 16 and 18 of pregnancy (13d pr, 16d pr, 18d pr), at lactation (lac), at day 1 and 3 of postlactational involution (1d invol, 3d invol) and at 4.5 weeks after weaning (regressed), as well as of adult male mice (ad. male). the proximal tubules and exhibited a patchy distribution within the tubular system, single tubules often containing strongly positive cells located next to almost negative ones (Fig. 2F, H) . Moreover, transgene expression was also observed in the cells constituting the Bowman's capsule, structures, which were negative in the control mice (Fig. 2G,  H) . The endogenous ephrin-B2, the cognate ligand of EphB4, was expressed in the developing kidney and persisted at lower levels in the adult kidneys of both transgenic and control mice, being essentially limited to the glomerular mesangial cells (Fig. 3A, B) .
We have employed the Mercox corrosion cast technique coupled with scanning electron microscopy to visualise the extent and the morphological appearance of the renal vasculature in control and transgenic adult animals. Fig. 4B shows the dense capillary network with numerous regular round glomeruli characteristic of the normal adult mouse kidney. At the vascular pole of the glomeruli the thicker afferent and thinner efferent arterioles could be distinguished and within the glomeruli, a densely packed arteriolic system was evident (Fig. 4D) . In contrast, the vasculature of transgenic kidneys had an irregular appearance, capillaries of variable size being seen (Fig. 4A) . Many of the glomeruli had a shrivelled appearance and the afferent and efferent arterioles often formed a continuous vessel bypassing the glomeruli (Fig. 4A, C) . In many of these glomeruli the blood flow was maintained by several small capillary side-branches leading into the glomerulus (Fig.  4C ). This vascular morphology is very reminiscent of the aglomerular vascular shunts, a degenerative kidney disease of unknown aetiology observed in elderly people (Netter, 1997) . Approximately 40% of the glomeruli of adult transgenic animals between 6 and 10 months of age exhibited this pathological morphology whereas these structures were rarely found in control animals (Fig. 5) . In spite of this glomerulopathy, adequate kidney function was maintained as reflected by measurement of urine refractive index and determination of urine protein content (data not shown). We have also investigated the frequency of abnormal glomeruli in corrosion casts in kidneys of 3-week-old transgenic animals. These young animals exhibited abnormal glomeruli to a similar extent as the adult mice, indicating that the formation of aglomerular shunts is not a progressive degenerative phenomenon in the transgenic animals but may be established already in early life.
Discussion
The phenotype observed in the transgenic animals indicates that unscheduled expression of EphB4 persisting in the Bowman's capsule and in the proximal tubuli of adult kidneys correlates with a disturbed glomerular vasculature. Vasculogenesis by endothelial progenitor cells in the metanephric mesenchyme as well as angiogenesis from pre-existing blood vessels are involved in the formation of the glomerular capillary network and the final connection to the blood circulation by the afferent and efferent arterioles (Kuure et al., 2000) . Our results implicate tubular expression of EphB4 and the glomerular expression of its ligand ephrin-B2 in the morphogenesis of the glomerular vascularisation and, in particular, in the formation of the afferent and efferent arterioles. Furthermore, unscheduled and dislocated expression of EphB4 in the adult kidney correlates with the appearance of vascular shunts between the afferent and efferent arterioles. Transgene expression in the kidney could be observed as early as day 18 of development and persisted throughout adult life. In humans, aglomerular vascular shunts have been described as a degenerative development of glomeruli in elderly patients (Netter, 1997) . The observation that kidneys of 3-week-old transgenic animals were similarly afflicted as kidneys of older mice suggests that shunt formation is not an agerelated degenerative phenomenon but is provoked early in life by the unscheduled maintenance of EphB4 expression immediately after birth.
Based on genetic evidence obtained in mice it has been proposed that reciprocal EphB4 and ephrin-B2 interactions provoking bi-directional signalling are required for angiogenesis and capillary bed formation (Adams, 2002) . Moreover, stromal expression of EphB receptors has been implicated in endothelial cell guidance (Adams et al., 1999) . Interestingly, co-culture experiments involving splanchnopleural explants and genetically manipulated OP-9 stromal cells revealed that stromal over-expression of ephrin-B2 resulted in the stimulation of endothelial cell proliferation and sprouting. In contrast, stromal overexpression of EphB4 resulted in the attenuation of endothelial cells and the inhibition of the formation of a vascular network (Zhang et al., 2001) . During glomerular development, the initial arterial vessel branch into afferent arterioles, which invade the glomeruli and form, by further branching, the capillary bed. An anastomosis of the various branched capillaries to form the efferent arterioles completes glomerular development. Similar to the observations described by Zhang et al. (2001) , the formation of the aglomerular shunts in the kidneys of the transgenic animals could be the consequence of the repulsive effects of EphB4 over-expression in the Bowman's capsule and the tubular system, preventing normal in-and outgrowth of the arterioles.
We have recently described the phenotypic conse- Fig. 3 . Immunohistochemical detection of ephrin-B2 expression in kidneys of control (A) and transgenic (B) mice. Kidneys from adult virgin mice were analysed using affinity purified ephrin-B2-specific antibodies, visualised with horseradish peroxidase. The sections were counterstained with haematoxilin. Bars represent 4 m. Note that the intratubular staining is derived from the endogenous peroxidase activity of the erythrocytes. quences of unscheduled EphB4 expression in the mammary epithelium of the MMTV-LTR-EphB4 transgenic mice. Transgenic females exhibited a disturbed architecture of the epithelium during pregnancy and lactation as well as a disturbed response of the epithelial cells to cell survival and death signals (Munarini et al., 2002) . In the kidneys of transgenic animals, however, we have observed neither a disturbance of the tubular architecture nor abnormal proliferation or apoptosis (data not shown), suggesting that EphB4 has different roles in the formation of mammary epithelial and renal tubular epithelial structures. In addition to their different functions, a major difference between the two types of epithelium lies in the fact that the tubular epithelium, once formed, is a differentiated, static structure whereas the mammary epithelium is subjected to continuous tissue remodelling according to the physiological state. Preliminary results obtained from corrosion casts of transgenic mammary glands, however, indicate that the mammary capillary architecture is disturbed by the epithelial over-expression of EpHB4 (unpublished observations). Thus, comparable with the kidney, the primary effect of unscheduled EphB4 expression in the mammary epithelium could involve the mammary endothelium and the observed phenotype a consequence of a disturbance in the blood supply. In summary, our study has revealed that EphB4 expression in the tubular/glomerular system affects the formation of the glomerular capillary network, suggesting that the EphB4 receptor tyrosine kinase is involved in the control of endothelial cell growth and organisation during kidney development.
Experimental procedures

Establishment of transgenic mice and tissue collection
The establishment of the transgenic mice homozygote for the MMTV-LTR-EphB4 gene has been described previously (Munarini et al., 2002) . Animals were routinely injected with 100 ml BdUr (20 mg/ml) 3 h before sacrificing. The kidneys were removed and either snap frozen in liquid nitrogen for RNA analysis or the contra-lateral kidneys were fixed in 4% formaldehyde for 4 h, dehydrated and paraffin embedded for histology. Age matched C57/Bl6 wild type mice served as controls.
RNA analysis and immunohistochemistry
RNA preparation and RT-PCR analysis were performed according to standard protocols (Munarini et al., 2002) . The following primers were used to detect the endogenous EphB4 RNA: 5 0 -AAAGAGAAAGGGTGACCAGC-3 0 (sense) and 5 0 -AGGAGATAGTGGAACCAGGT-3 0 (antisense) yielding a fragment of 295 bp. The following primers were used to detect the transgene EphB4: 5 0 -CAGAA-GAAAATCTTGGCCAG-3 0 (sense) located in the EphB4 cDNA and 5 0 -GTGGTTTGTCCAAACTCATC-3 0 (antisense) located in the SV40 polyadenylation site of the transgene construct, yielding a fragment of 480 bp (Munarini et al., 2002) . For in situ detection of EphB4 and ephrin-B2 proteins, 4 mm paraffin sections were subjected to immunohistochemistry as described previously (Nikolova et al., 1998) .
Visualisation of the renal vasculature by corrosion casting
The vascular corrosion casts were prepared essentially as described (Djonov et al., 2001) . Briefly, the kidneys were perfused with low viscosity resins (Mercox w ). After hardening of the resin, the kidneys were removed and the tissue components were dissolved by KOH treatment revealing a three-dimensional replica of the microvascular network, which was inspected by scanning electron microscopy. 
